During the past few years a number of uses for multiple-scattering-cluster calculations have been found for studying electronic states in condensed matter. For example, Johnson [l] and Keller [2] described such calculations at a conference at Menton in September of 1971.
We will write out the general equation for the oneelectron Green's function in the neighborhood of a cluster and use this as a basis for a new boundary condition that we propose for use when the cluster is part of a solid.
The first step in a cluster calculation is to generate a local one-electron potential function for a given array of atoms. This potential is then approximated by writing it as a sum of non-overlapping spherically symmetric potentials within spheres centered on each atom with the potential in the region between the spheres being a constant. This muffin-tin potential facilitates the use of multiple-scattering theory [3, 41 on the problem because the t-matrices that enter are diagonal in the angular momentum representation. Boundary conditions can be applied to the cluster using a diagonal t-matrix if the cluster is circumscribed by a sphere and the potential in the region outside the sphere is symmetric about the center of the cluster.
Taking the origin of the coordinate system to be the center of the cluster, the potential for the system described above may be written as v(r) = vc(r) + v~( r )
(1) where is the sum of the atomic muffin-tin potentials and V,(r) is the potential in the region outside. The incoming wave on a scatterer can be written in the region between scatterers as where r, = r -R, andf,(arn) = jl(arn) if the scatterer is an atom while,f,(arn) = h,(ar,) if it is the boundary. Similarly the outgoing wave from a scatterer can be written where gl(arn) = h,(ocr,) if the scatterer is an atom and gl(arJ = j,(ar,) if it is the boundary. The equations of multiple scattering theory say that the incoming wave on a scatterer is the sum of the outgoing waves from all of the other scatterers while at the same time the outgoing wave from a scatterer can be found from the incoming wave since the elements of the t-matrix. t!, are known. These relations can hold simultaneously for all the scatterers only if the coefficients for the outgoing waves satisfy the set of homogeneous equations where the g~~l r m l depend on energy and describe propagation from one scatterer to another.
In the work of Johnson and others the potential outside the cluster is chosen in such a way that the electrons are bound to the cluster for all the states of interest. The elements of the scattering matrix from the boundary, t:, thus appear in eq. (5) and the desired eigenvalues for the system are obtained as the zeros of the determinant of the coefficients of the bFm. This boundary condition is sensible for an approximate treatment of molecules, but although it has been used for the case when the cluster is part of a solid it clearly gives a discrete spectrum when the eigenvalues should be in continuous bands. The group at the University of Bristol normally assumes that the potential outside the cluster is zero so that the t? do not appear in eq. (5) . Of course the determinant of the coefficients has no zeros for energies above the muffin-tin zero under this assumption so they treat the problem with scattering theory. A formula due to Lloyd [5] which is a generalization of Friedel's formula [6] allows the integrated density of states to be found from the logarithm of the determinant of the coefficients. This approach leads to continuous bands of eigenvalues in this energy range, but the assumption that the potential outside the cluster just has the value of the muffintin zero is not very good when the cluster is part of a solid.
For the case where the cluster is a part of a solid that has been singled out for treatment we wish to find a boundary condition that will represent the effect of the rest of the solid better than the ones described above but will still be relatively easy to use since the advantage of the cluster approach is its relative simplicity. In other words, if we are treating a cluster of copper atoms we want to simulate the effect of an infinite set of copper atoms outside [7] .
A possibility that is suggested by the experience of the last few years is to surround the cluster with a complex, energy-dependent potential which is spatially homogeneous. This potential will be determined by the requirement that an electron propagating through it would not be scattered when it impinges on the cluster. Since we are only trying to find an improved boundary condition and not an exact one we will not require that the scattering be zero but only minimized.
The first problem in carrying out this scheme is to write down the Green's function for a cluster embedded in a complex medium. Thus the potential V,(r) in eq. (1) is now where rb is the radius of a sphere which circumscribes the cluster. It is convenient to define a Green's function for the case when there are no atoms in the cluster. In abstract operator notation this is where K is the kinetic energy operator and Z approaches the energy E from above. The Green's function for the system including the atoms is then where Rc is the scattering operator
and Vc is the potential of the muffin-tins given in the position representation in eq. (2). The scattering operator for the muffin-tins for Z = 0 can be written
where Go = (2 -K)-' is the free-electron propagation. Taking the inverse T;' and multiplying it by Tc we see the unit operator can be written Operating this unit operator on Rc from eq. (9) yields
Now G, can be written 
that just had the potential C everywhere. this is just the element of the scattering matrix for a system of muffin-tins with zero potential outside the cluster. These matrix elements can be calculated with a slight modification of the programs used in the ordinary cluster calculations described by eq. (5).
Once the Ggrmr are calculated the scattering matrix of eq. (31) can be evaluated for many values of C rather easily because C only appears in t:, tr, and the square brackets. Averaging is done by calculating the A matrix elements G!:~,, for several configurations of atoms and replacing the matrix elements in eq. (31) with their weighted average. We have programmed these equations and have run tests on small clusters without averaging. There seems to be no numerical difficulty.
